Resume On examine le phenomene d'induction a long solenoid. an induced EMF occurs in a circuit where the electromagnetique par lequel un long solenoide provoque magnetic flux density is effectively zero. It is argued that the I'apparition d'une FEM induite dans un circuit ou la densite crucial magnetic quantity in electromagnetic induction is not de flux magnetique est identiquement nulle. On soutient que the flux density. but the vector potential. The problem of la grandeur magnetique cruciale dans I'induction energy flow from the solenoid to the circuit is considered by electromagnetique est non pas ia densite de flux. mais le calculation of the Poynting vector.
Electromagnetic induction from a solenoid
Electromagnetic induction is commonly thought of as a 'magnetic effect'. if only because of Faraday's law. that the induced voltage in a circuit equals minus the rate of change of magnetic flux threading the circuit.
Consider, for example, a long air-spaced solenoid of radius a, as shown in figure 1, wound with a wire carrying an alternating current Z=Zn cos wt. An EMF will be induced in a secondary circuit C consisting of a single turn of radius r. In the first instance, we take this turn to be open-circuited, to avoid the complication of the magnetic field produced by an induced current. The magnetic flux threading the secondary circuit is. to all intents and purposes, contained within the solenoid. Strictly speaking, the flux density outside the solenoid is zero only for an infinite solenoid or an ideal toroid. For a finite solenoid, continuity of flux lines requires that there must be flux outside: but provided the length of the solenoid is very great in comparison with r, we are entitled to regard the external field in the present case as vanishingly small. We will similarly disregard the azimuthal external field arising from the winding of the solenoid wire, to which Sandin (1984) has drawn attention. This too can be made vanishingly small if the pitch of the turns is very small. This gives rise to the interesting question: if the magnetic field at the secondary circuit is zero. how does it 'know' that there are magnetic flux lines threading it? We show below that the answer is that it is too simplistic to regard the EMF as arising directljs from the change of flux threading the circuit. Rather. it is the result of an electric field tangential to the wire. The magnetic quantity of relevance will be shown to be not the magnetic flux density B. but the vector potential.
For reasons which will become clear, we shall assume in the following analysis that the frequency w/2n is low enough for the corresponding wavelength of electromagnetic radiation 2nc/w to be much greater than a.
At all points inside the solenoid, B = p n n I = ponZo cos wt. where n is the number of turns per unit length. Since the field outside the solenoid is zero. the flux threading C is @ = @n cos wt = na2pnnIn cos wt. (1) and (2). There is also a magnetic field arising from the induced current i
The Poynting vector S = E x H is in a direction normal to the surface. and into it. It has magnitude
Since the surface has area 2nr 2np. then from Poynting's theorem, the power entering the surface. which is that dissipated in the wire, is (W'@; sin' wt)/R in agreement with the value calculated above.
Likewise. one can calculate the power lost from the solenoid as follows. For simplicity we assume that a ep. The induced current i produces a magnetic field
at all points such as P. just outside the surface of the solenoid. The electric field oD0 sin w t 2na E , = at P is tangential. Therefore the Poynting vector at P is radially outwards. and has magnitude p2w2@; sin' w t
Using the standard result 
Conclusion
In conclusion. we emphasise that consideration of A (rather than B ) gives the better insight into the mechanism of electromagnetic induction. However. B is. at least in the most familiar situations. more convenient for actual calculations involving the phenomenon. Acknowledgment L ' e wish to thank a referee for drauing the authors' attention to the fact that the magnetic field outside a solenoid is nonzero.
Letters and comments
Urrutia plays a role similar to the f of equation (10) of Blockley and Stedman (1985) , and the simplification of f t f proceeds by spin algebra. Nor did we question the mathematical necessity of the internal space introduced by Urrutia and Hernandez (1983) within their model for it to yield a physically interesting nucleon interaction.
Our concern was, and remains, the difficulty of obtaining physical insight into such a supersymmetric model when the operators of a very contrived internal space finally appear only in a spin-orbit scalar C, itself of constant sign and magnitude in,conventional nuclei. The physics behind the Urrutia-Hernandez construction, and its spectral consequences, seemed to us to be open questions and so unsuited for a tutorial.
The subject has advanced since our respective papers. Urrutia gives some references above, to which we add as a few examples Balantekin (1 985 In the article 'Electromagnetic or electromagnetic induction?' by G % x a n d Richards (Eur. J. Phys. 7
195-7) a simple induction process is considered: a long solenoid carries an alternating current I = I o cos wt. A single wire loops around the solenoid at a certain radial distance, thus forming the secondary circuit of a transformer. In the first part of the article this secondary circuit is supposed to be open.
The authors assert that the magnetic flux density is negligible outside the solenoid and they are bothered by the question of how the secondary circuit 'knows' that there are magnetic flux lines threading it. Their answer is that the crucial magnetic quantity in electromagnetic induction is not the flux density B but the vector potential A .
I do not
agree with the authors' arguments in several places and my comment has three parts.
(1) The authors claim that, in the case of the open secondary circuit, the total electric field is given by E = -A , i.e. the electric field is only due to the induction. This is not correct. While the induced electric field is forming, a displacement of charges on the wire takes place. The resulting net charge density on the wire is the source of an electric field which exactly compensates the induced electric field at the location of the wire. Without this 'electrostatic' field an electric current would continue to flow in the wire, contrary to the assumption of an open circuit.
However, the authors' question remains if the wire is completely removed. (They need the wire only in part 2 of the article.) Instead of 'how does the secondary circuit know that there are magnetic flux lines threading it?' one simply has to ask 'how does the circular region of space know that there are magnetic flux lines threading it?'. We can simplify the experiment even more: we let the magnetic flux in the solenoid increase at a constant rate, i.e. @=constant. Now, the induced electric field is constant in time, and there is no magnetic field caused by an electric displacement current outside the solenoid.
The experimental situation is now analogous to the following: a long wire is carrying a constant electric current. This current causes, according to the first of Maxwell's equations, a magnetic field with circular field lines around the wire. Here, one might ask the question 'how does a circular region of space around the wire know that there are electric current density lines threading it?'
The answers should be of the same kind in both cases.
(2) What kind of answer would be expected? For the authors the fact that
is a satisfactory answer. According to this relation the value of E at a certain location is obtained from the value of A at the same location. I would not be satisfied by this answer, because I would then ask 'how does the circular region of space know what value A should have?' And what would the answer be in the analogous case of the current-carrying wire? There cannot be an analogous answer, because an electric vector potential does not exist. Maxwell's theory is a local-causes theory, and that is why the field at any single location 'knows' what it should be from the field in its immediate neighbourhood.
(3) When asking the question 'how does a region of space know what value the field strength should have?' one might have in mind a problem which is completely different from the one discussed above. One might
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want to know something like 'how did the field get there?' or stated more precisely: 'how did the energy of the field get there?' To answer this question we go back to a solenoid carrying an alternating current. Now. the strength of the electric field outside the solenoid changes periodically (see equation (3) in Gough and Richards' article). The energy located in the electric field also changes periodically (between 0 and its maximum value, with twice the frequency of the field oscillation).
The oscillating energy density is related to an oscillating energy flow to or from the solenoid, i.e. an oscillating Poynting vector field. The Poynting field lines are oriented radially toward or away from the solenoid (only in the immediate neighbourhood of the wires of the solenoid are they bending and following the wires). The magnetic field which is necessary to obtain this energy flow is due to the electric displacement current, given by Gough and Richards below their equation (3). They argue that this magnetic field can be neglected since wa 4 c, where a is the radius of the solenoid. Whenever a quantity is neglected. it should be indicated with respect to which other quantity. Outside the solenoid. there is only one magnetic field. This field, however small. cannot be neglected because there is no other field at the same place to which it might be compared. Without this magnetic field there would be no Poynting vector field and without this Poynting vector field there would be no energy for the induced electric field. The same kind of argument holds for the analogous situation of the magnetic field of a current-carrying wire.
Of course, the situation changes drastically when a secondary circuit with energy dissipation is added. This is treated in 5 2 of the article. In this case the energy flow is much greater. The greater Poynting vector field is due to the magnetic field of the current in the secondary circuit. Now, the above-mentioned magnetic field can indeed be neglected.
F Herrmann
Institut fur Didaktik der Physik, Universitat Karlsruhe, Kaiserstrasse 12, 7500 Karlsruhe 1, West Germany
Reply to Dr Herrmann We agree broadly with most of the points raised by Dr Herrmann, and are pleased that our article has aroused interest and controversy. However, we do not feel that the main thrust of our argument has been invalidated in any way.
Concerning point (1) . if the open-circuited secondary loop has negligible resistance, there are indeed free charges at its ends, and the resultant field in the wire is indeed zero. Our analysis. however, was intended to calculate the component of the field due to induction. It might have been more helpful if we had stated that the secondary loop was of very high resistance (or better still, completely absent!).
On the second point, we see no difficulty with the question 'how does the circular region of space know what value A should have?' A varies smoothly and continuously between the solenoid windings (which are the source of A ) and the secondary. and there is an obvious causal link between them. This contrasts with the E field at the loop, which appears -superficially at least -to have no obvious connection with the B field inside the solenoid. The analogy of the field due to the long wire is good, and can be summarised by the analogous equations curl E = -B (electromagnetic induction) and curl H = j (Ampere's law for steady currents). But the analogous answer would again be that the magnetic vector potential A is the important quantity. The wire is the source of a continuous A field in the space surrounding, and it is the curl of this field which gives the B field. Concerning the third point, the assertion appears to be that energy is flowing radially out from the surface of the coil (when the current is increasing). This is incorrect; the Poynting vector shows that energy spirals out of the coil from both ends (cf Morton N 1987 Eur. J. Phys. 8 147-8). and fills the infinite space outside the coil. One must remember that there are magnetic field lines outside the solenoid, since those inside must form closed loops. It is these that give a non-zero Poynting vector outside the coil, and the field due to the displacement current is not particularly relevant. (It would indeed be zero if one were to take Dr Herrmann's own case of a uniformly increasing current; yet for this case? power is certainly leaving the solenoid.) Presumably, a full analysis based on Poynting's theorem would lead to the correct expressions for the electric field outside the solenoid, but we feel this would be much more difficult and less satisfactory than our approach based on the vector potential, which gives the correct answer very easily.
W Gough and J P G Richards
Department of Physics. University College. Cardiff CFI 1XL.UK
Computer language and the physics laboratory
Should Assembly Language continue to be taught in undergraduate physics courses? Common laboratory computing tasks include data collection, data processing, control and waveform generation. It is reasonable to expect an increasing demand for improved computing facilities for such tasks but in what language(s) should the student be able to write the necessary programs?
The microprocessor field has changed considerably in recent years. There is now a wider variety of microprocessor available, with the result that low-level programming techniques are less portable than previously from one device to another. Increases in processor speed and memory availability have allowed
